La2Zr2O7 is one of the proposed next generation thermal barrier coating materials due to its low thermal conductivity and superior high temperature stability. In this work, La2Zr2O7 and conventional 8 wt% yttria stabilized zirconia (8YSZ) coatings were deposited using plasma spray technique. Both single-layer La2Zr2O7 and double-layer 8YSZ/La2Zr2O7 coating architectures were designed in the matrix for evaluation. Heat treatment, thermal cycling, and thermal shock tests were conducted on the samples to evaluate their thermal stability. All the La2Zr2O7 coats were delaminated in the furnace cycle test in less than 20 cycles. This is because residual thermal stresses accumulated during thermal cycling. In the heat treatment and the jet engine thermal shock (JETS) tests, the SCL La2Zr2O7 and DCL dense 8YSZ/La2Zr2O7 coatings were fully delaminated. In contrast, the DCL porous 8YSZ/La2Zr2O7 coating sample only partially delaminated on the edge. This is because of the porous 8YSZ layer provides strain compliance. The findings will help to propose efficient thermal barrier coating systems.
INTRODUCTION
Thermal barrier coatings (TBCs) provide thermal insulation to metallic substrate of gas turbine engine parts. The TBCs allow the gas turbine designer to increase the temperature and consequently the engine efficiency [1, 2] . TBC systems are typically multi-layer type coatings, which consist of a metallic bond coat and at least one ceramic topcoat layer. The metallic bond coat protects the superalloy substrate from oxidation and corrosion, and improves the adhesive bond between the ceramic topcoat and the superalloy substrate [3] . The bond coat has stress compliance to minimize the thermal-expansion-mismatch stresses between the superalloy substrate and the ceramic topcoat in heating and cooling process [1] . The ceramic topcoat has an extremely lower thermal conductivity than superalloy substrate, which establishes a large temperature drop (more than 100 K) in the ceramic topcoat layer [3] . Currently, the most preferred technique to fabricate thermal barrier coatings is air plasma spray (APS) process, because it is capable of producing durable coatings economically. TBC powders are fed into the high temperature arc plasma, where the powders melt into "splat" as they are propelled to the target substrate. Alternatively, the electron beam-physical vapor deposition (EB-PVD) process produces columnar structure, which has outstanding test lifetime [4, 5] .
The criteria for TBCs material selection include high melting point, low thermal conductivity, high coefficient of thermal expansion, good thermal and chemical stability, no phase change, and low sintering activity. Nowadays, state-of-the-art TBCs are 8YSZ ceramic topcoat with a NiCrAlY bond coat. The 8YSZ material has a significantly lower thermal conductivity than the metallic substrate [6, 7] . However, the maximum surface temperatures of 8YSZ coating a limited to 1473 K for long time operation, because of the phase transformation and the sintering of the coating [7] . So La2Zr2O7 TBCs coats have been proposed as an alternative TBCs material operated at higher temperatures. La2Zr2O7 has an even lower thermal conductivity than that of 8YSZ, and it has no phase change from room temperature to its melting temperature (2573 K) [8] [9] [10] . The coefficient of thermal expansion of La2Zr2O7 is 9.0~10.0 × 10 -6 K -1 , which is a little bit lower than that of 8YSZ (10~11 × 10 -6 K -1 ) [8, 10, 11] .
EB-PVD produced La2Zr2O7 coating and APS produced dense La2Zr2O7 and 8YSZ multi-layer coatings were investigated by other researchers. Bobzin et al. studied single-ceramic (SCL) and double-ceramic layer (DCL) EB-PVD TBC top coats consisting of La2Zr2O7, Gd2Zr2O7 and 7 wt% YSZ. The temperature-dependent phase behavior and change of thermal conductivity of SCL and DCL top coats were investigated [12] . Vassen et al. studied thermal and mechanical properties and thermal stability of hot pressed fully dense La2Zr2O7 materials [8] .
Cycling performances between double and SCL La2Zr2O7 TBC samples were compared. It concluded that highly dense La2Zr2O7 material has a lower thermal conductivity than that of YSZ. The DCL TBC samples, which were composed of La2Zr2O7 and YSZ, have similar results with SCL YSZ coating at temperatures below 1300 o C. At higher temperatures, the DCL TBCs samples revealed excellent thermal cycling behavior [8, 10, 13] . Zhu et al. investigated the durability and failure mechanism of plasma-sprayed La2Zr2O7/mullite/Si coatings on mullite/SiC or SiC/SiC ceramic matrix composite substrates at 1650 o C under thermal gradient cyclic conditions [14] . The La2Zr2O7 coating showed significant thermal conductivity increase in the laser flux condition at 1575 o C, indicating the coating was undergoing substantial sintering at elevated temperatures. The plasma-sprayed La2Zr2O7/mullite/Si systems on SiC substrate showed severe spallation on heating under high heat flux (95-100 W/cm 2 ) at 1650 o C [14] . The goal of this work is to study the thermal stability of SCL and DCL porous La2Zr2O7 coats. In this work, three types of SCL and DCL La2Zr2O7 and 8YSZ structures were deposited. Heat treatment, cyclic furnace cycle test and jet engine thermal shock test were conducted for the TBC samples. The failure mechanisms of these TBC systems were discussed. METHODS SCL La2Zr2O7 and DCL 8YSZ/La2Zr2O7 ceramic coatings were deposited onto a NiCrAlY bond coat (thickness of 229 μm) using APS technique. Haynes 188 superalloy round buttons with 1 inch diameter and 1/8 inch thickness were used as the substrate. The porosity of porous 8YSZ and porous La2Zr2O7 coating layers is about 12%. The dense 8YSZ has a porosity less than 8%. Three types of samples are listed in Table 1 . Furnace heat treatment experiments were conducted for all of the as sprayed coating samples in argon atmosphere at 1353 K (1080 o C) for 4 hours. Microstructure images of heat treated samples were taken using a scanning electron microscope (SEM, JEOL Model JSM-5610, Japan).
The FCT experiments were conducted between high temperature 1366 K (1093 o C) and room temperature. In each cycle, samples were heated at 1366 K for 50 minutes, and then cooled by compressed air for 10 minutes.
The JETS experiments create a large temperature gradient (several hundred degrees Celsius) across the TBC layer [15, 16] . This experiment impacts mainly the ceramic layer and bond coat layer thermomechanically [16] . In this work, the TBC samples were heated at 1505 K (1232 o C) for 20 s. Then, the TBC samples were cooled by compressed nitrogen jet for 20 s to provide a maximum thermal gradient. Thereafter the samples were cooled by ambient cooling for 40 s. The heating and cooling cycles were repeated until cracks or spallation were spotted on the TBC surface. Both the front and back surface temperatures were measured using pyrometer.
RESULTS AND DISCUSSION

Heat Treatment Tests
After 4 hours of heat treatment, the SCL porous La2Zr2O7 and the DCL dense 8YSZ/La2Zr2O7 coatings were fully delaminated. However, DCL porous 8YSZ/La2Zr2O7 coating only delaminated on the edge, due to the CTE difference between porous 8YSZ and dense 8YSZ. Porous 8YSZ has a lower CTE than that of dense 8YSZ. As a result, the thermal stress between La2Zr2O7 and porous 8YSZ is lower than that between La2Zr2O7 and dense 8YSZ. Figure 1 shows the SEM images of the heat treated TBC samples. From the microstructure images, all the delamination occurred in the area of La2Zr2O7 coating layer that was close to the interface between La2Zr2O7 and bond coat (Figure 1a) , between La2Zr2O7 and porous 8YSZ (Figure 1b) and between La2Zr2O7 and dense 8YSZ (Figure 1c) . However, the porous and dense 8YSZ coating layers were all intact. The fracture toughness of La2Zr2O7 coating is about 1.1 MPa·m 1/2 , which is lower than that of 8YSZ (2.0 MPa·m 1/2 ) [8, 18] . So La2Zr2O7 layer is weaker than 8YSZ layer. 
Furnace Cycle Tests
All La2Zr2O7 coats layers were delaminated in the first 20 cycles in the FCT experiments. However, no significant delamination occurred in porous and dense 8YSZ sublayers in DCL samples after 2000 cycles. Because the coefficient of thermal expansion (CTE) of La2Zr2O7 (9-10 ×10 -6 /K) is lower than that of 8YSZ (10-11 ×10 -6 /K), and bond coats have even higher CTE (about 15×10 -6 /K). The CTE difference between La2Zr2O7 and bond coat is larger than that between 8YSZ and bond coat, which leads to higher thermal stresses in La2Zr2O7 layers [10, 17] . The failure is ultimately occurred due to the large residual stress at the interface between La2Zr2O7 and sublayer.
Jet Engine Thermal Shock Tests
In the JETS experiments, the SCL La2Zr2O7 coating sample was fully delaminated in 40 cycles. Figure 2 (a) shows the optical image of the SCL La2Zr2O7 coating after JEST experiments. The delamination occurred at the interface between the bond coat and topcoat. Figure 2 (b) shows that the DCL dense 8YSZ/La2Zr2O7 coating sample was partially delaminated on the edge after 2000 cycles. Therefore, the porous 8YSZ/La2Zr2O7 coating sample has the best thermal stability in all samples. Figure 2 (c) shows the DCL dense 8YSZ/La2Zr2O7 coating. The La2Zr2O7 layer was completely delaminated from the dense 8YSZ layer. Figure 3 . The cross shows the position where the SEM images were taken in Figure 3 . Figure 3 shows the SEM images of cross-section views of the TBC samples after JETS experiments. The images were taken from the positions shown in Figure 2 . For the SCL La2Zr2O7 TBC coating (Figure 3a) , since the CTE difference between La2Zr2O7 layer (9-10 ×10 -6 /K) and bond coating layer (about 15×10 -6 /K) is large, there is a relatively large volume mismatch between La2Zr2O7 layer and bond coat [10] . In addition, the fracture toughness of La2Zr2O7 is low. So SCL La2Zr2O7 sample tends to delaminate near the interface between La2Zr2O7 and bond coat. Figure 3b shows that the DCL porous 8YSZ/La2Zr2O7 sample was intact after 2000 JETS cycles. The porous 8YSZ layer provides strain compliance due to its high porosity. Figure 3c shows that the DCL dense 8YSZ/ La2Zr2O7 sample was fully delaminated at the interface between La2Zr2O7 layer and dense 8YSZ layer. The delamination is caused by the thermal residual stress induced by CTE difference between La2Zr2O7 and 8YSZ. In summary, the DCL porous 8YSZ/La2Zr2O7 sample had a better performance in JETS experiments than the DCL dense 8YSZ/La2Zr2O7 and SCL La2Zr2O7 samples. 
CONCLUSIONS
The thermal stabilities of SCL La2Zr2O7, DCL porous 8YSZ/La2Zr2O7 and dense 8YSZ/La2Zr2O7 samples were investigated using heat treatment, FCT and JETS tests. The conclusions are summarized as follows:
1. After 4 hours of heat treatment, the SCL La2Zr2O7 and DCL dense 8YSZ/La2Zr2O7 coatings were fully delaminated. In contrast, the DCL porous 8YSZ/La2Zr2O7 coating sample only partially delaminated on the edge. Porous 8YSZ has a similar CTE as La2Zr2O7. As a result, the thermal stress between La2Zr2O7 and porous 8YSZ is low.
2. All the La2Zr2O7 coats were delaminated in the furnace cycle test in less than 20 cycles. This is because residual thermal stresses accumulated during thermal cycling.
3. In the JETS experiments, both the SCL La2Zr2O7 and DCL dense 8YSZ/La2Zr2O7 coatings were fully delaminated. In contrast, the DCL porous 8YSZ/La2Zr2O7 coating sample only partially delaminated on the edge. This is because of the porous 8YSZ layer provides strain compliance. The results are consistent with the heat treatment data, which shows that the DCL porous 8YSZ/La2Zr2O7 coating has the best thermal stability.
